T hat biodiversity varies among habitats is a basic tenet of ecology. Many hypotheses have been advanced to explain these variations: ecosystem stability and complexity (e.g., Pimm 1984) , ecosystem predictability, habitat heterogeneity (e.g., Tilman 1982) , and disturbance (the intermediate disturbance hypothesis; Grime 1973) . Whatever the cause of its fluctuations, there is evidence that, at a certain threshold, biodiversity is critical to the maintenance of ecosystems. The link between biodiversity and ecosystem function depends on the dissipation of energy, and productivity might be the ultimate factor that controls species richness at local and, to some degree, at regional scales (Ricklefs and Schluter 1993) . Ecosystem function accounts for the relative stability of biodiversity ratios between similar habitats of different continents (Caley and Schluter 1997) . In contrast, absolute measures of biodiversity in similar habitats of different regions may differ greatly, which has been interpreted as a result of historical processes (Ricklefs and Schluter 1993) .
Biodiversity patterns of subterranean terrestrial and aquatic ecosystems are in line with these general observations. However, the features of this environment (absence of light, limited variations in temperature, paucity of food, high physical fragmentation) (Ginet and Decou 1977, Camacho 1992) provide unique opportunities to explore biodiversity issues and to test some of the general hypotheses listed above.
Subterranean habitats predominate on the continental and ocean margins. Considering the continental earth, 97% of all unfrozen freshwater is subsurface, whereas lakes and rivers represent less than 2%. Terrestrial subterranean habitats encompass the whole unsaturated zone (vadose zone) of underground, most evident in karstic areas (caves, fissures, cracks, etc.) , which represent nearly 4% of the rock outcrops of the world. Because they develop in rocks or sediments that protect them against surface environmental changes, these subterranean ecosystems, in contrast to most surface ecosystems which are short-lived (rivers, wetlands, or forests), may persist relatively unchanged for millions of years.
In the last two decades groundwater ecology has developed rapidly, forming an important branch of limnology (Stanford and Simon 1992 , Gibert et al. 1994 , Stanford and Valett 1994 , Danielopol et al. 1999 . Recent literature has focused on general characteristics of subterranean ecosystems and interac-tions with surface ecosystems, with a wealth of examples throughout the world (e.g., Camacho 1992 , Gibert et al. 1994 . Few papers, however, in the field of groundwater have considered biodiversity (Marmonier et al. 1993 , Stoch 1995 , Danielopol 2000 . Subterranean ecosystems have long been considered as extreme environments inhabited by only a few specialized species. This paradigm is now being revised, as many studies show that this environment harbors diverse animal communities (mainly invertebrates) across different space and time scales. The purpose of this article is to highlight patterns, processes, and determinants of subterranean biodiversity by addressing three fundamental questions: (1) What are the characteristics of subterranean (aquatic and terrestrial) biodiversity? (2) Why do subterranean patterns of biodiversity differ markedly from those of continental surficial habitats? and (3) What can we learn from the study of subterranean ecosystems about the origin and ultimate causes of biodiversity?
Patterns in subterranean species biodiversity
Biologists have long been fascinated by the peculiarities of typical subterranean animals. Studies have focused on morphological, physiological, and biological adaptations that reflect severe environmental constraints on subterranean evolution: eye loss, pigmentation loss, wing loss, elongation of appendages, increased life span, decrease in the number of eggs and increase in their size and development time, decrease in respiratory metabolism, loss of water regulatory processes, and various other physiological strategies (e.g., Jeannel 1926 , Vandel 1964 , Ginet and Decou 1977 , Culver 1982 , Danielopol et al. 1999 . The evolutionary pathways leading to these adaptations have fueled much speculation and inspired a wealth of paradigms, stereotypes, and debates, such as neo-Lamarkian versus neo-Darwinian explanations, punctualism versus gradualism, the constrained versus unconstrained colonization models (Rouch and Danielopol 1987) , and the relictual versus nonrelictual evolution to troglomorphy (Howarth 1987) . In contrast, general patterns of subterranean biodiversity have not received the same attention, despite their striking departure from those encountered in surficial environments.
At the global scale, although much lower than the best studied surficial ecosystems, subterranean biodiversity is high. Botosaneanu (1986) listed about 7000 species of aquatic subterranean dwellers worldwide (table 1) . Though no global data have been advanced for terrestrial dwellers, subterranean habitats probably host an even larger number of terrestrial species, as Coleoptera alone include more than 1927 underground limited species (Juberthie and Decu 1998). An estimate of more than 21,000 subterranean species was given by Juberthie and Decu (1994) . This figure is actually very much underestimated. Many areas are undersampled in the world, even in Western countries, and there is a lack of faunistic and taxonomic knowledge of most subterranean groups. On the basis of nested regional estimates, Culver and Holsinger (1992) proposed a global total of 50,000 to 100,000 obligate subterranean species.
Subterranean communities are composite, encompassing species at different stages of adaptation to underground environments. These species are traditionally classified as stygoxene or trogloxene (i.e., temporary inhabitants), stygophile or troglophile (i.e., with strong hypogean affinities), or stygobite or troglobite (i.e., obligatory hypogean) (figure 1a). Only a part of the community (the stygobites and troglobites) possesses the morphological, physiological, and behavioral specializations for underground life. For example, in the deep, pristine, karstic aquifer of the Lez basin, France, of 53 taxa col- lected, 13 were stygoxene, 8 were stygophile, and 32 were stygobite species, with stygobites making up 60% of the subterranean community (Malard and Gibert 1997) . This percentage can be even higher, between 80% and 100% in deep aquifers that are not in direct contact with the surface (e.g., the Edwards aquifer in Texas; Longley 1981), or lower, less than 20% in the upper part of riverine aquifers (e.g., 13% of the interstitial community in alluvial aquifers of the Rhône river; Dole-Olivier et al. 1994) . Subterranean ecosystems are a melting pot where species from different ecological and biogeographical origins cohabitate following multiple and successive colonization processes (see figure 1b and the bibliography in Stoch 1995) .
A puzzling feature of subterranean biodiversity is that the range of higher taxa found below ground does not reflect the above-ground faunal diversity (table 1). Some groups are well represented below ground, whereas many others are absent. For example, crustaceans have been very successful underground-water colonists. Among the 12 orders present in the subterranean environment (table 1), six orders (Mystacocarida, Gelyelloida [Copepoda] , Syncarida, Mictacea, Thermosbaenacea, Remipedia) are exclusively or essentially stygobite (Stoch 1995) . Copepoda, Isopoda, and Amphipoda are among the most abundant, widespread, and taxonomically diverse groups of organisms found in groundwater communities. For example, Holsinger (1993) listed 740 Amphipoda Gammaridea species distributed among 138 genera and 36 families. Conversely, only a few of the huge number of freshwater aquatic insect families have subterranean representatives (table 1) . Among the several hundreds of terrestrial beetle families, no more than 10 have hypogean species, and 92% of subterranean species belong to the families Carabidae (mostly Trechinae; figure 2) and Cholevidae (mostly Leptodirinae) (Juberthie and Decu 1998). In contrast, the largest surficial beetle families (Staphylinidae and Curculionidae), with over 50,000 species each, have only a handful of subterranean representatives.
At regional and local scales, biodiversity patterns present huge disparities when epigean (above ground) and hypogean (below ground) habitats are compared, as do biodiversity patterns at global scales. Aquatic insects, which constitute the core of epigean biodiversity, have hundreds of species in any surface stream in temperate to tropical regions. They are absent from most groundwater assemblages (table 2) . Conversely, the number of subterranean crustacean species may equal or exceed that of epigean ones in the same area (Stoch 1995) . The floodplain sediments of the Rhône River, upstream of Lyon, harbor 15 stygobite species of amphipods, whereas only two species occur in surface water (figure 3; Ginet 1983 , Dole-Olivier et al. 1994 . Of the 95 species and subspecies of asellid isopods recorded from the IberoAquitanian region (Portugal, Spain, and southwestern France), 80 are hypogean (Magniez 1996) . At the local scale, in alluvial sediments and karstic systems, species richness of harpacti- coïds (9-21 species), cyclopoïds (5-15 species), and ostracods (13-16 species) is comparable to that found in surface freshwater habitats both lotic and lentic (Rouch and Danielopol 1997) . Contrary to aquatic communities, none of the main terrestrial taxa are more diverse in subterranean than in surface habitats. Carabid beetles and springtails, the most diverse cave terrestrial invertebrates, always comprise fewer species and fewer genera underground than above ground whatever the considered scale (table 2) .
We can expect at most 20 to 25 species of troglobites for a single cave in most karstic areas of the world . Inhabited by 32 stygobites, the Lez source in France is considered to be one of the richest hotspots on earth for aquatic fauna (Malard and Gibert 1997) . More than 80 troglobites (half aquatic, half terrestrial) have been recorded in the richest Dalmatian cave (Croatia) according to Culver and Sket (2000) . Though impressive for the biospeleologist, such numbers are not particularly exciting for the surface ecologist, who has to deal frequently with hundreds of species when the whole community of a single habitat is considered at a similar spatial scale. But the degree to which surface habitats are richer than subterranean ones depends strongly on taxonomic coverage (see above for aquatic Crustacea for instance) and on spatial scale. When area increases by accretion of local units, overall species richness rises much less rapidly for epigean than for subterranean habitats as a result of the larger proportion of narrowly endemic species underground. This is reflected in striking patterns of distribution in some genera or complexes of genera. Among leptodirine beetles of the northern Pyrénées, France, the epigean genus Bathysciola has, for instance, 11 species, whereas its close cave relative, Speonomus, has 39 (figure 4; Laneyrie 1967, updated) . Among trechine beetles of the same area, 17 species and subspecies of the epigean genus Trechus have been recorded (Casale and Laneyrie 1982) , compared with 35 of the closely related cave genus Aphaenops (Juberthie and Decu 1998).
Species with restricted distributions usually account for more than 50% of the local hypogean fauna in areas not affected by recent climatic upsets, such as glaciations. At a regional scale, the proportion of narrow endemics may reach 90% of the subterranean fauna, for instance in the Iberian karst for terrestrial isopods (Dalens et al. 2002) , or in the Dinaric karst (Slovenia) for pseudoscorpions, amphipods, or prosobranchs molluscs (Sket 1996) . In surface aquatic ecosystems, these ratios are similar only to those observed in ancient lakes (more than 10,000 years old), such as Lake Baikal (Siberia) or Lake Tanganyika (Tanzania) (Martens and Schoen 1999) . Very narrow distributions are common, and a number of species are only known from a single cave, karstic unit, or river basin. Among the 231 species or subspecies of terrestrial isopods of the Franco-Iberian region, 51 are recorded only from a single spot , of which 21 are troglobites (Dalens et al. 2002) . In Virginia, Culver and Holsinger (1992) found 55 narrow endemics out of a total of 160 troglobites. This exceptional richness in endemics is directly related to the fragmentation of the subterranean habitats, which fosters evolutionary drift in isolated populations. The long-term persistence and relative stability of subterranean environments compared to epigean ones allow this process to take place. Subterranean populations are actually clusters of numerous metapopulations that may evolve into species with time. As a rule, endemicity is much higher in subterranean than epigean habitats for the lineages that have colonized both habitats in the same geographical area.
The positive and linear relationship between local species and regional species richness observed for aquatic as well as terrestrial (figure 5; Gibert et al. 2000) communities suggests that they are not locally saturated with species and are shaped by processes operating on a broader spatial scale. If confirmed, this relationship would imply that communities are open to regional influences and are interlinked by dispersal. A sound knowledge of the degree of saturation of subterranean communities would clearly provide the needed basis for understanding which factors regulate species richness and how the community reacts to introduction of new species. Hard ecological data and relevant tests are lacking so far in this respect, but interesting indications may be drawn from subterranean fauna viewed in an evolutionary perspective.
The higher proportion of geographically isolated taxa, relicts of ancient faunas, in subterranean (as compared with epigean) regional fauna, has long been recognized by biospeologists (Jeannel 1926) . Relicts have been identified in most groups that have colonized subterranean habitats, except in the wet tropics and in areas affected by quaternary glaciations (Juberthie and Decu 1994 , 1998 , Howarth 1987 , Holsinger 1993 . These relict lineages are often recognized by the taxonomist as oligospecific genera or species groups strictly restricted to subterranean environments. For instance, seven terrestrial woodlice genera are endemic to Spain: All are subterranean and monospecific (Dalens et al. 2002) ; none is epigean. The high phyletic isolation and the maintenance of such taxa suppose a low specific turnover across long evolutionary periods, with colonizations and extinctions maintained at a minimum. In other words, either species would have had difficulties in colonizing the subterranean habitat because of high saturation of established communities, or, in agreement with the actual nonsaturation evoked above, weak specific interactions among communities would have allowed the maintenance and evolution of these now relictual lineages. When present, relicts actually coexist with nonrelict species, and the way they partition subterranean resources and contribute to system functioning might offer interesting insights into both the saturation and competition question and the evolutionary processes that led to present-day biodiversity patterns.
Functional patterns of biodiversity
The exploration of functional differences between wellilluminated and dark habitats may provide further clues for understanding biodiversity patterns at the local level. Functional approaches have been popular in ecology during the last few decades, and more recently, functional groups, defined as groups of species with similar ecological roles that respond similarly to the same biogeochemical factors, have been widely used in this field. Within the subterranean ecosystems, there has been no direct experimentation so far to determine whether biodiversity per se is important to ecosystem processes. More generally, information on the role of species richness in the efficiency of ecosystem functioning is essentially lacking.
Although functional classifications have been used successfully in terrestrial and marine ecosystems to supplement the assessment of biodiversity, they have seldom been applied to subterranean ecosystems. Recently, a synthetic classification that was applied to river hyporheic zones and based on species traits (diet, locomotion, body size, reproduction type, and parental care) and habitat affinities (stygoxenes, stygophiles, and stygobites) demonstrated its efficiency for testing the response of interstitial invertebrates to ecological changes and to natural and human disturbances, as well as for generating testable hypotheses about ecological processes (Claret et al. 1999) . Such an approach could be extended to deep aquifers and terrestrial habitats, in spite of some limitations due to insufficient knowledge of life traits of their species, and to lower diversity of the former habitat.
In a more classical way, if we focus on functional feeding groups, four fundamental trophic levels may be recognized in well-illuminated habitats: primary producers, primary consumers (herbivores), decomposers, and predators. Of these levels, only two (decomposers and predators or parasites) are significantly represented in subterranean foodwebs (Mohr and Poulson 1966) .
Green plants (higher plants and algae) primarily support terrestrial and aquatic ecosystems. In the complete darkness of subterranean habitats, plants cannot develop because they must rely on light for photosynthesis. Although chemoautotrophic production could theoretically constitute an efficient surrogate, it is not widespread. The Movile cave system in Romania is so far the only well-documented case of diversified and productive communities that exist on autochthonous chemolithoautotrophic carbon fixation by sulfide-oxidizing microorganisms (Sarbu et al. 1996) . More recently, significant chemoautotrophic production has been reported in other karstic systems (such as the Parker Cave system in Kentucky and San Marcos Springs artesian wells in Texas) and the marine cave systems in the Mediterranean and the Caribbean (see the review in Kindle and Kane 2000) . Though evidence is growing that autotrophic microorganisms may contribute more than previously thought to the food base of ecosystems, the prevalence of allochthonously based subterranean communities remains the rule, however.
Deprived of primary photosynthesizing producers, herbivores are therefore absent in subterranean habitats, cave rootfeeders being the rare exception (Howarth 1983 ). This functional deficiency at the base of the trophic web has a strong impact on the species richness of the system, as primary producers and herbivores usually contribute the most species to above-ground ecosystems. In this sense, subterranean biodiversity may be considered as strongly truncated basally.
The inability to acquire energy autotrophically requires that trophic resources be imported from the surface environ- ment. These resources are processed and filtered in a variety of ways before they reach subterranean habitats (Ginet and Decou 1977) . Food is not so much rare as unevenly distributed. Large and relatively permanent sources of food are locally present (e.g., bat guano or flood detritus) mainly in terrestrial habitats, which may support huge populations of invertebrates, often with high species richness determining interactive communities. However, these islands of life are surrounded by deserts, as most of the underground space is severely oligotrophic and sparsely populated. Among other ecosystems, lake hypolimnia and the deep sea are the most similar to the underground in that darkness is permanent and omnipresent, and food from surficial ecosystems that sinks into these habitats is patchily distributed. Ocean bottoms, however, support a relatively high biodiversity and key ecosystem services (Snelgrove 1999), demonstrating that absence of photosynthesis and extreme oligotrophy do not necessarily lead to low diversity. The classic trophic levels, decomposers and predators, are easily recognized among the large communities of guano piles; they grow progressively blurred when trophic resources decrease. In low-energy, low-density habitats, which compose most of the subterranean ecosystems, there is evidence that obligate predators decrease in importance and may not even exist. Their disappearance is not solely due to lack of prey, but to a secondary evolutionary shift toward a broader diet in some lineages as well. For example, Aphaenops, a strikingly evolved troglobite genus of Pyrenean beetles that has mouthparts highly adapted for predation, may also feed on dead plant matter and is locally geophagous (Gers 1995) . Similarly, several subterranean aquatic taxa that are primarily predators, such as the interstitial subspecies of the isopod Stenasellus virei in alluvial systems that feed on other living arthropods, are largely detritivorous in karstic systems, ingesting claycomposed mud (Magniez 1975) . As a rule, trophic linkages within subterranean food webs indicate extensive omnivory. In that way, subterranean food webs are often truncated at the top with few or no strict predators.
The overlap between the predator and decomposer levels can be viewed as an increase of functional redundancy in the ecosystem. This trend toward opportunistic and generalist strategies is likely to be imposed by the scarcity and irregularity of food. Evolution of subterranean species life traits is directed toward improving food detection, increasing starvation resistance, and broadening the range of food resources, rather than specializing the diet to a particular food supply. As a result, there are clusters of species that play the same role in maintaining and regulating ecosystem processes, and, as a correlate, a lower taxonomic diversification during evolution.
Among the many and various functions attributable to living communities, the decomposition and nutrient cycling process is probably the most important process at the level of subterranean ecosystems. Organic matter seeps down in the fissures and channels, is buried in sediment, and is incorporated into decomposer food webs. Detritivorous biota enhance the transfer of nutrients through their burrowing, fragmentation, and bioturbating activities and foster microbial metabolism, which in turn increases the rate of organic matter decomposition. These biota also affect the rate at which the material can be processed (anaerobic versus aerobic metabolic processes). For example, oligochets of the genus Limnodrilus, by mixing and ingesting sediment, stimulate the anaerobic activity of bacteria that lead to production of dissolved organic carbon used in denitrification processes. The worms tend to lower oxygen content of groundwater by a cascading effect (Mermillod-Blondin et al. 2000) . In the subterranean ecosystems where detritivorous biota are well represented, such bacteria and invertebrate interactions are very strong, and bioturbation may efficiently stimulate the biofilm by inducing a continuous variation of the physicochemical environment.
Origin and ultimate determinants of biodiversity
Patterns of biodiversity are caused by a variety of ecological and evolutionary processes, historical events, and geographical circumstances. Thus, subterranean biodiversity fluctuates from region to region and from site to site. Considered at a global scale, however, a combination of four features may account for most of these variations: a low number of lineages that are due to environment harshness, a characteristic of any extreme environment, such as very cold, very hot, or very dry habitats; a high proportion of endemic species and a large number of allopatric vicariant species (this classical insular syndrome is a result of habitat fragmentation and isolation); a high level of relict taxa, which is best explained by the relative stability and antiquity of the habitat compared with most surficial habitats (this striking feature of subterranean biodiversity is, not surprisingly, shared with other stable and long isolated habitats or areas such as Lake Baikal in Siberia); and food webs that are truncated at both the bottom-there are no primary producers-and the top-there are few or no strict predators and no specialized ones. The absence of light is the ultimate cause of this peculiar trait, but again, similar characteristics are exhibited elsewhere, for example, in deep sea and deep soil, both of which are affected by a shortage of light. Only subterranean ecosystem biodiversity, however, combines this set of features. In this way, subterranean biodiversity might contribute essential insights into the evolutionary and ecological processes that shape biodiversity.
Low numbers of lineages. Passing through the darkness barrier requires specific preadaptations, or exaptations, but once this step is achieved, life inside the subterranean ecosystems is no longer a matter of survival, and populations can actively colonize the different microhabitats, where their evolution is constrained by a harsh environment. Such a strong ecological filtering at the beginning of the colonization process is present as well in other extreme environments, for example, systems in which several key ecological factors, such as temperature, pressure, salinity, or energy, lie outside the range observed in most other habitats. Harsh habitats include glacial streams, periglacial soils of high altitude, salt marsh, deep sea, and desert. In the evolutionary process, only a few lineages are able to colonize and adapt to these inhospitable habitats. Comparing assemblage structures and adaptative life traits of species at the edge of life possibilities to those in less extreme habitats will help explain how major abiotic factors, masked or acting in synergy in more complex ecosystems, may influence general biodiversity patterns.
A high proportion of endemic species and a large number of allopatric vicariant species. In the subterranean ecosystems, where important nontrophic factors are constrained within narrow limits (i.e., temperature, humidity, air currents), biodiversity appears strongly linked to the age and fragmentation of the habitat. In a given area, most subterranean environments are older than epigean ones, with ages ranging from very recent in some volcanic islands to 10,000 to 20,000 years in temperate areas affected by glaciations (Barr 1968 ) to millions of years in Mediterranean and tropical regions. This means that the regional subterranean species pool may have persisted over long periods of time as a source of speciation, migration, and local dispersal, without any profound influence of surface ecological changes. During these periods, fragmentation of the habitat because of hydrological and geological processes split species into metapopulation clusters, which resulted in local extinction and the appearance of new forms by random drift (Culver 1982) . This process was fostered by the very reduced possibilities of genetic exchange between clusters, imposed by the high ecological contrast between subterranean and nonsubterranean ecosystems. Such a mode of speciation has been a tremendous producer of subterranean, narrow endemic species among plastic lineages.
A high level of relict taxa. Speciation by ecological diversification has been limited, conversely, in subterranean habitats by the narrow range of ecological changes that occurred during long geological periods. This narrowness of ranges may also account for the accumulation of so-called relictual taxa, an ever-lasting source of fascination for taxonomists. The hypothesis that many lineages would have persisted underground after their outside relatives were led to extinction during ecological upheaval appears as the only explanation of the worldwide latitudinal pattern of relictual species richness (Juberthie and Decu 1994, 1998) . Absent in those northern and southern areas affected by glaciations, relicts are extremely diversified in the Mediterranean zone around the globe and also, as more recently documented, in seasonal areas of the tropics; relictual species richness, however, rapidly declines in zones closer to the equator. At a global and historical scale, intermediate disturbance impact in the past 10 million years has clearly favored relictual species biodiversity.
The contribution of endemics and relictual taxa to overall biodiversity tends to be increasingly reappraised for many habitats and living groups in a conservation perspective. Subterranean biodiversity in this respect deserves special consideration: Among all continental habitats, it is underground that biodiversity has by far the highest proportion of narrowly distributed and phylogenetically isolated taxa.
Truncated food webs.
There is evidence that a shortage of food results in a loss of predators. A food web truncated in such a way is clearly under bottom-up control (the supply of organic matter supports assemblage biodiversity), consequently top-down processes play a subsidiary role, or no role at all. This bottom-up control of subterranean food webs offers unique clues to understanding the relative impact of these processes on other environments as well. The lack of basal trophic levels in subterranean food webs affects not only the overall biodiversity but also, because of food shortage, the upper trophic levels. The lack of basal trophic levels increases opportunism among the species and redundancy within the system, which tends to stay nearly constant in its functioning in spite of large differences in species composition. Demonstrating in this context that compensatory abilities of subterranean species at the biological level are the basis for species redundancy could be a formidable challenge in supporting biodiversity as an element of ecosystem reliability.
Conclusion
Investigating biodiversity patterns in subterranean habitats is expected to provide fruitful insights into several of the fundamental processes that control biodiversity in well-illuminated habitats. We are at the critical phase for the richest ecosystems on earth, where a collapse of biodiversity at the basal trophic level is currently accelerating because of water pollution, deforestation, and industrial forest plantation, among others. One of the most exciting aspects of research on subterranean habitats may well be an exploration of habitat patterns of truncated biodiversity as a way of predicting the future of rapidly deteriorating ecosystems.
